During pregnancy maternal thyroid hormones are of great importance for normal development of the central nervous system of the fetus. Iodine deficiency of the mother can result in an impaired development of the fetal brain. In large areas of the world iodine intake is moderately low. To study the effects of marginal iodine deficiency (MID) on the production, distribution, and transport of thyroxine (T 4 ) and 3,5,3 0 -tri-iodothyronine (T 3 ) in nonpregnant and near-term pregnant rats we performed kinetic experiments (three-compartment analysis). Despite unchanged plasma T 4 and T 3 during MID, the production and plasma clearance rates of T 4 decreased 30% (P = 0.01) in MID nonpregnant (MID-C) rats. For T 3, the plasma clearance rate was increased 70% (P = 0.046), while the T 3 production was more than doubled (P = 0.042) in MID-C rats. In MID near-term pregnant rats T 3 production was decreased 20% (P = 0.04). Hepatic deiodinase type I activity increased during MID in both nonpregnant and pregnant rats. It appears that during MID, rats are able to maintain their euthyroid status. The pronounced increase in transport of T 4 from plasma to the fast pool observed in pregnant rats on a normal iodine diet did not occur during MID. In conclusion, in rats MID affects maternal thyroid hormone metabolism, thus influencing the availability of maternal T 4 for the fetus.
Introduction
In large areas of the world iodine intake is insufficient. Severe iodine deficiency can result in miscarriage, stillbirth, and congenital abnormalities, as well as the more familiar goiter, cretinism, impaired brain function and hypothyroidism in children and adults (1) .
In rats iodine deficiency can be induced by prolonged administration of a low iodine diet. This treatment results in a markedly increased weight of the thyroid and the 3,5,3 0 -tri-iodothyronine (T 3 ) to thyroxine (T 4 ) ratio in the thyroid, as well as the T 3 to T 4 ratio secreted by the thyroid (2, 3) . In the iodine-deficient rat, plasma T 4 is decreased and plasma thyrotropin (TSH) increased, while circulating T 3 remains normal (4) . In the rat normal pregnancy results in a decrease in both total and free T 4 and T 3 in the plasma (5, 6) . This leads to reduced concentrations of T 4 and T 3 in the maternal tissues, except for T 3 in the brain (5) . The clearance of T 4 from plasma is increased markedly, which can be a result of the transport of T 4 to the fetal compartment (6) .
Thyroid hormones are known to play an important role in brain maturation. Their absence during fetal development leads to irreversible brain damage. Studies of pregnant rats on a low iodine diet revealed that when iodine deficiency is severe enough to cause very low maternal plasma T 4 levels, fetal plasma and tissues will suffer a shortage of T 4 and T 3 both before and after onset of fetal thyroid function (7, 8) . During normal pregnancy mainly T 4 is transported from mother to fetus (9) .
In large populations of the world the iodine intake is only marginally deficient. Therefore, we induced an iodine deficiency in rats so marginal that growth and reproduction outcomes were not affected. The aim of this study was to determine the effects of marginal iodine deficiency (MID) on thyroid hormone metabolism in nonpregnant and near-term pregnant rats. T 4 and T 3 production, distribution, and transport in the plasma, the fast pool, and the slow pool were examined by performing a kinetic study using the three-compartment model developed by DiStefano et al. (10, 11) . Liver and kidney are presumed to be the main components of the fast pool, whereas skin, muscle, and brain belong to the slow pool (10, 11) .
Using this model we previously suggested that in near-term pregnant rats on a normal iodine diet, T 4 is transported very rapidly from plasma to the fetoplacental compartment (6) . In the present study we concentrated on the effects of MID on maternal thyroid hormone metabolism in rats, to answer the question, does MID affect the availability of thyroxine for the feto-placental compartment?
Material and methods

Animals and diet
Three-month-old female Wistar rats (CPB/WU, Iffa Credo, Brussels, Belgium) were used. The animals were individually housed at 22 ЊC, with alternating 14 h light and 10 h darkness periods. The rats were fed a semi-synthetic American Institute of Nutrition diet (12) with the addition of potassium iodide: 55 ng (normal iodine diet; NID) or 2.9 ng (MID) per gram of feed. The iodine-deficient groups were treated with KClO 4 in their drinking water (13) .
The rats were mated after at least two regular estrous cycles. The day that sperm appeared in the vaginal smear was taken as day 0 of gestation. The gestational period of the rat is 22 days.
Design of the study
MID treatment was started at least 2 weeks before mating for the pregnant groups and minimally 5 weeks before measurements for the nonpregnant groups. Surgery (insertion of the cannula) was conducted 1 week before measurements.
There were four groups of rats: (1) nonpregnant rats on a normal iodine diet, NID-C; (2) pregnant rats on a normal iodine diet, NID-P; (3) nonpregnant rats on MID, MID-C; (4) pregnant rats on MID, MID-P.
Daily feed intake and urinary iodide excretion were determined for all rats.
Kinetic experiments were performed on day 19 of gestation. After the kinetic experiment the animals were killed and maternal and fetal liver and brain were collected.
The experiments were approved by the University Committee on Animal Care and Use of the Agricultural University of Wageningen.
Kinetic and analytical protocols
The protocols of the kinetic experiments are already extensively described (6, 14, 15) . In short: [ 125 I]T 4 and [ 131 I]T 3 were administrated to the rats via a cannula in the right jugular vein (16) . In the next 24 h blood samples were taken following the optimal time schedule according to DiStefano et al. (10, 11) . The plasma samples were extracted and subjected to HPLC to separate the iodothyronines, according to the method described by Schröder-van der Elst & van der Heide (17) .
The endogenous concentrations of T 4 and T 3 in plasma were measured by means of a specific rat RIA (18) on samples taken before the kinetic experiment was performed.
Plasma TSH was measured by the specific RIA developed for the rat by the National Institutes of Health (USA). Reference preparation RP-2 was used as a standard.
The method of calculation of the parameters of production, distribution and metabolism were as previously described (6, 14, 15) .
All data are expressed as means Ϯ S.E.M. Statistical analysis was performed by the Student's t-test using the Statistical Package for Social Sciences (SPSS) (19).
Analytical determinations
Urinary iodide was determined as described by Kolthoff & Sandell (20) .
Mitochondrial and cytosolic fractions from liver and brain were obtained by differential centrifugation, according to the separation scheme described by van Doorn et al. (21) .
Liver and brain mitochondrial alpha-glycerophosphate dehydrogenase (a-GPD) was measured by means of the method described by Garrib & McMurray (22) .
Cytosolic malic enzyme (ME) was determined for liver and brain according to the method of Hsu & Lardy (23) .
The determination of type I deiodinase (ID-I) activity in liver homogenates was performed by the method described by Janssen et al. (24) .
Protein was determined by the bicinchoninic acid method (Pierce Europe, Oud Beijerland, The Netherlands) using BSA as standard.
Results
Urinary iodide excretion
The effect of treatment with 1% KClO 4 for 2 days is demonstrated in Fig. 1A . Within a week after perchlorate treatment urinary iodide excretion had decreased to 0.4 mg/day; it remained constant during the rest of the experimental period. Figure 1B shows the daily urinary iodide excretion 4 weeks after the start of the diet. MID resulted in a sharp decrease in urinary iodide excretion. No effect of pregnancy on urinary iodide excretion was present in NID-P and MID-P rats. Table 1 shows the body weight (BW) and plasma thyroid hormone and TSH levels. No significant effect of MID on maternal BW and the number of fetuses was found in MID-P rats. During pregnancy, in both the NID and MID groups, the plasma T 4 and T 3 decreased; plasma TSH did not change significantly. Plasma T 4 and T 3 values were unchanged in MID-C as well as in MID-P rats; plasma TSH was increased significantly in MID-C only.
Body weight and plasma hormones
T 4 kinetics
The effect of pregnancy on the fractional turnover and transport rates of T 4 was similar for NID-P and MID-P rats in comparison to their controls; T 4 disappeared more quickly from all three pools in pregnant rats. No effects of MID on the kinetic parameters of T 4 were found (data not shown).
The mean results of distribution volumes, pool sizes, and transport rates of T 4 are summarized in Table 2 .
Effects of pregnancy
In NID-P and MID-P rats the plasma clearance rate (PCR) of T 4 was increased; the production rate of T 4 remained unchanged. The distribution volumes of T 4 were not affected. The total amount of T 4 decreased in the pregnant groups. This decrease was found in all three pools. The transport of T 4 changed only in NID-P rats. Transport to the fast pool and vice versa was more than doubled. This effect of pregnancy was not found in the MID group. The disposal of T 4 decreased in both nonpregnant and pregnant rats.
Effects of MID MID resulted in a decrease in the plasma clearance rate and T 4 production in MID-C rats only. The distribution volumes of T 4 were not affected by MID. The pool sizes were decreased in MID-P rats; for MID-C rats no effect was found.
The transit times for the three pools and the total residence time for T 4 are shown in Table 3 . In NID-P and MID-P rats the transit times for T 4 in plasma and the fast pool decreased. The total residence time also decreased. MID resulted in an increase in the total residence time for T 4 in MID-C rats only.
T 3 kinetics
For T 3 almost no significant alterations were found in the kinetic parameters. Only in MID-P rats was a decrease found in the transport rate from plasma to the fast pool, due to MID (data not shown). Table 4 shows the distribution volumes, pool sizes, and transport rates of T 3 . The plasma clearance rate of T 3 increased in the MID-C group only. Pregnancy resulted in a decrease in T 3 production in MID-P rats. The effects of MID on the production of T 3 were conflicting. In MID-C rats we found an increase, while in MID-P rats the T 3 production decreased slightly.
The transport of T 3 from plasma to the fast pool and vice versa decreased in MID-P rats only. The disposal of T 3 increased in MID-C rats. In MID-P rats the disposal of T 3 was even decreased.
In MID-P rats the increased transit time for T 3 in plasma was the only change in transit times and total residence time found for T 3 (Table 5 ). Table 6 shows the activities of a-GPD, ME, and ID-I in liver and brain. The a-GPD activity in both maternal liver and brain decreased in the pregnant groups NID-P and MID-P; MID had no effect.
Enzymes
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T 4 Table 1 for n values. In the fetal liver and brain no differences in a-GPD activity were found between the NID and MID rats.
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For ME no effect of pregnancy or MID was found in the liver. In the brain, however, ME activity increased in both NID-P and MID-P rats.
Pregnancy and MID both increased ID-I activity in the liver; this increase was additive.
Discussion
The aim of this study was to determine whether MID will affect thyroid hormone production, distribution, and transport in nonpregnant as well as near-term pregnant rats.
In most experimental studies severe iodine deficiency was induced, while in our study the rats were only marginally iodine deficient. This condition is much more common in iodine-deficient areas.
In our laboratory, MID rats receiving the same treatment as described for this study showed an increase in thyroid weight (13) . During severe iodine deficiency decreased reproductive competence has been reported (7) . However, neither retarded growth nor a decreased number of fetuses was observed, so the iodine deficiency achieved must have been marginal.
During MID, plasma T 4 and T 3 values remained unchanged, but plasma TSH increased slightly. Even under these moderate conditions T 4 and T 3 production and their PCR had already changed. The kinetic experiment revealed a decreased production of T 4 in MID-C rats. The unaltered plasma T 4 might possibly be explained by the decreased PCR, resulting in an increased mean residence time for T 4 in the body.
The production of T 3 increased, but plasma T 3 was not affected by MID. We attribute this to the increased PCR.
Janssen et al. (24) found no effect of iodine deficiency on hepatic ID-I activity, even though T 4 in their animals was lower. In the brain an increase in ID-II was found in iodine-deficient rats (24) . In our study MID induced an 716 P M Versloot and others EUROPEAN JOURNAL OF ENDOCRINOLOGY (1998) 138 Table 2 Parameters of distribution, volumes, pool sizes, and rates of transport of T 4 (expressed per 100 g BW). Values are means Ϯ S.E.M. PCR, plasma clearance rate; PR, production rate; V, plasma equivalent distribution volume; Q, pool quantity; TRpf, TRfp, TRps, and TRsp, rates of transport between plasma and the fast and slow pools respectively, in each direction; DRfo and DRso, disposal rate from fast and slow pool respectively; p, plasma; 2, fast pool; 3, slow pool. * P < 0:05, MID-P vs MID-C and NID-P vs NID-C. † P < 0:05, MID-P vs NID-P and MID-C vs NID-C. 
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(n ¼ 6) (n ¼ 9) (n ¼ 8) (n ¼ 6) PCR (ml/h
Transit time (min) Plasma 9:5 Ϯ 0:8 9 : 1 Ϯ 1 : increase in hepatic ID-I activity. Therefore, the increased T 3 production might possibly be explained by enhanced T 4 to T 3 conversion in the liver. We suggest that rats are able to maintain their euthyroid status during MID. The alterations in T 4 and T 3 production are compensated for by changes in the PCR, resulting in normal thyroid hormone values in plasma.
The alterations in thyroid hormone metabolism due to pregnancy are in agreement with previous findings for iodine-sufficient rats (6) . There is a difference in the effects of MID on the production and metabolism of T 4 during pregnancy and in the nonpregnant situation.
During pregnancy T 4 production also decreased as a result of MID, but the PCR remained unchanged. This resulted in a decrease in the total amount of T 4 in the EUROPEAN JOURNAL OF ENDOCRINOLOGY (1998) 138 T 4 Table 2 . * P < 0:05, MID-P vs MID-C. † P < 0:05, MID-P vs NID-P and MID-C vs NID-C.
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body. Striking is the effect of MID on the transport of T 4 to the fast pool in pregnant rats. During normal pregnancy the transport of T 4 to the fast pool and vice versa is markedly increased. We suggested previously that this is caused by the fetal compartment (6) . However, in MID-P rats no increase in transport to the fast pool was found. This could indicate that during MID the transport of T 4 to the fetal compartment is already diminished. This is exceedingly important, because it is mainly T 4 that is transported from mother to fetus. The absence of maternal T 4 during fetal development can cause damage to the central nervous system (9) . However, we did not find any effect on a-GPD activity in the fetal brain during MID. This might possibly be explained by an increase in fetal ID-II; during severe iodine deficiency the fetal brain is protected from hypothyroidism by an increase in the activity of ID-II (8) .
The alterations in T 3 metabolism due to MID found in pregnant rats are the exact opposite of the effects in nonpregnant rats. In MID-P rats the production and the PCR of T 3 decreased slightly.
The transport of T 3 from plasma to the fast pool and vice versa was decreased by 50% in MID-P rats. This implies that, despite the markedly increased ID-I activity, locally produced T 3 is decreased. This is possibly due to a decreased availability of the precursor, T 4 .
The present results demonstrate that in rats under these conditions marginal iodine intake influences maternal thyroid hormone metabolism. The total amount of T 4 in the mother is decreased and less T 4 is transported to the fetus. So, even MID seems to affect the availability of maternal T 4 for the fetus.
